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R983Sex is costly. Aside from the trouble of 
finding and keeping a mate, the cost 
of sex on the genetic level involves the 
break-up of selected gene and allele 
combinations by recombination and 
meiotic segregation, respectively. At 
the evolutionary level, any mutation that 
turns a sexual individual into an asexual 
one should spread, as each single 
offspring of the asexuals can make new 
offspring, while for sexual reproduction 
it takes two. This is the famous twofold 
cost of sex. 
In evolutionary discussions, sex 
has the curious characteristic that 
its negative effects are much more 
straightforwardly rationalised than its 
benefits. What these benefits are has 
been bugging evolutionary biologists a 
great deal, in particular because almost 
every living creature engages in sex 
and recombination. There are probably 
as many attempts at explaining the 
evolutionary benefits of sex as there 
are ways to have it, but most of the 
hypotheses revolve around ideas that 
sexual reproduction either acts to 
efficiently remove deleterious alleles 
from a population or facilitates the 
emergence of new allele combinations 
that might have immediate fitness 
benefits or that might increase the 
efficacy of selection in the longer run.
Sex and the abstinent
Given the clear costs of sex, doing 
away with it altogether seems like a 
sensible solution. And not surprisingly, 
a number of organisms — from single-
celled organisms to vertebrates — have 
taken the radical approach of never 
or only rarely engaging in sex. The 
diversity of asexual strategies perhaps 
matches that of sexual ones, but in 
its purest form — parthenogenesis —
offspring are generated from unfertilised 
diploid eggs. For the question of the 
costs and benefits of sex, asexuals 
are potentially of great interest: with 
these asexual groups, so the reasoning 
goes, the function of sex could be 
studied, much like the function of a 
gene is studied by knocking it out. The 
hope is that studying asexuals might 
help understand both how to make 
do without the benefits of sex and, 
by extrapolation, what these benefits 
might be.
Most asexuals come only as a 
single species or at best a few related 
species. From an evolutionary point of 
view, this indicates that they haven’t 
had much of a chance to diversify 
and thus are somewhat of a dead end 
in the longer evolutionary run. This 
phylogenetic pattern is in line with ideas 
that, while it may carry a benefit in the 
short term, for instance by allowing 
more rapid population growth and 
avoiding the costs of sex, asexuality is 
evolutionarily unstable, because those 
asexuals are less adaptable or because 
they accumulate deleterious mutations 
(or some of both).
Then again, there are exceptions 
within these exceptions — there 
are apparently asexual groups that 
actually have diversified into a number 
of species, suggesting that they may 
have managed to survive without sex 
for quite some time, an observation 
corroborated by fossil and molecular 
evidence. In particular three groups of 
invertebrates stick out as particularly 
prudish: the darwinulid ostracods, a 
family of double-shelled crustaceans; 
the oribatid mites, perhaps the least 
understood of these groups, which 
some believe may comprise thousands 
of species; and lastly the by now 
famous bdelloid rotifers (Figure 1), a 
group of microscopic aquatic filter 
feeders, often referred to by science 
writers with a colourful epithet such as 
‘sinless’, ‘scandalous’ and so forth.
Their evolutionary stability is 
what makes these ancient asexuals 
suspicious and thus there is a constant 
air of doubt surrounding their chastity. 
It is a version of the old ‘argument from 
ignorance’: does the absence of proof 
of sex in these animals constitute a 
proof of the absence of sex? After all, 
sex can be a fairly covert operation, so 
how to prove it doesn’t occur? Whether 
or not males are present in a species 
Features
can be a good first indicator. When the 
females of a species learn the secrets 
of parthenogenesis, males usually 
become obsolete and are first to go; 
they are the embodiment of the twofold 
cost of sex. In that regard, one of 
these ancient asexuals, the darwinulid 
ostracods, suffered a bit of a blow to 
their status when recently three male 
specimens were discovered, though 
these seem to be exceedingly rare 
and it is at present by no means clear 
that they can actually perform male 
duties. Another indicator of sex and 
the genome shuffling that is associated 
with it is the presence of genes involved 
in meiotic recombination. This was how 
the long presumed asexual Giardia — a 
group of parasitic protozoans — got 
uncovered: its genome turned out to 
harbour numerous genes required for 
recombination, thus indicating that sex 
had been overlooked in this group.
The most prominent asexual group 
that has so far remained innocent until 
proven guilty are the bdelloid rotifers. 
As odd as their non-existent sexuality 
may seem, bdelloid rotifers, of which 
there are some 380 species, are actually 
quite common — which means they 
must be doing something right. Just put 
some wet moss or some pond water 
under a microscope, and you will soon 
Asexual taxa, such as the bdelloid rotifers, are anticipated to help answer the 
question of what makes sexual reproduction so prevalent and persistent. But 
perhaps the secret of some asexuals’ success lies in their ecological oddity. 
Florian Maderspacher takes a look. 
Sex and the drought
Figure 1. Three species of bdelloid rotifer.
Philodina flaviceps (top), Macrotrachela 
quadricornifera (middle, SEM) and Adineta 
vaga (bottom). (Images by Claudia Ricci.)
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worm-like creature that is edging 
ahead like a leech and that carries on 
its head two distinctive shimmering, 
rotating, wheel-like structures, which 
it uses for filtering food particles out 
of the water. All bdelloids looked at so 
far come exclusively in female guise. 
These females produce diploid eggs 
without any sign of meiosis. Of all the 
asexual groups, the bdelloids are the 
best studied, particularly at the genetic 
level, which is mainly due to the efforts 
of Matthew Meselson — of the famous 
Meselson–Stahl experiment which 50 
years ago demonstrated the semi-
conservative replication of DNA — and 
his colleagues who started to analyse 
bdelloid genes and genomes ten years 
ago; and ever since they have yielded 
continuous surprises.
Sex and the genome
The most recent surprise is that the 
bdelloid genome is littered with genes 
that bdelloids presumably obtained 
from other organisms. In a survey of 
roughly one million base pairs in two 
species of bdelloids — believed to 
have separated several ten million 
years ago — Meselson and colleagues 
found dozens of genes that bear no 
similarity to genes of other animals, but 
instead show a molecular relatedness 
to genes from plants, fungi and 
bacteria. Some of these genes must 
have been with the bdelloids for some 
time, as even the ones from bacteria 
show signatures, such as spliceosomal 
introns or trans-spliced leaders, which 
are normally absent from bacteria 
but common to bdelloids. Such a 
high level of horizontal gene transfer 
between different lineages in the same 
generation — as opposed to the normal 
vertical transfer between generations 
within the same lineage — has been 
recognised as a major evolutionary 
force in bacteria, but is extremely 
unusual in an animal.
A key question, of course, is whether 
these horizontally transferred genes 
have any role in bdelloids. While 
some of the transferred genes have 
deteriorated, a large fraction is intact, 
some are actively transcribed and one 
of them was even shown to code for an 
active enzyme. Most of the immigrant 
genes in fact code for relatively simple 
enzymes, in the sense that they could 
operate without a whole suite of 
co-factors or pathways. Such genes 
could of course be integrated into a 
functioning metabolic network much more easily than those that are heavily 
involved with other proteins. So, if the 
horizontally acquired, snatched genes 
are indeed functional in the bdelloids, 
might they make up for the presumable 
lack of adaptability that is the likely 
consequence of the lack of sex? This 
is clearly too early to tell, but there are 
other, more direct indications as to 
what the abstinence from sex might do 
to a genome.
The absence of sex and in particular 
of the associated recombination 
between alleles is expected to leave 
traces in the genome of asexual 
animals: in a sexually reproducing 
diploid organism, the sequence 
difference between the two alleles of a 
gene is limited, because the segregation 
of and recombination among alleles 
during meiosis leads to not all of the 
alleles being continually passed on 
to the next generation and makes it 
possible for alleles to descend from the 
same ancestor, ensuring their similarity.  
In addition, processes that are 
independent of sex and meiosis, such 
as DNA repair and gene conversion, 
contribute to the limiting of allelic 
diversity within individuals of sexual 
species to a value that is typically below 
5%. So, in an asexual, where there 
is no meiosis, new neutral mutations 
that arise randomly in one or the other 
copy of a gene will be passed on to the 
next generation. And provided they do 
not negatively affect the fitness of the 
organism, they will get passed on and 
on. Over time, different mutations will 
accumulate in the two different copies 
of a gene, causing the former alleles’ 
sequence to diverge more and more.
In 2000, David Mark Welch and 
Matthew Meselson examined three 
different genes in several species of 
bdelloids and their sexual relatives, the 
monogonts. In the various species they 
found between two and four copies 
of those genes and compared their 
nucleotide sequences at synonymous 
sites — positions whose nucleotide 
sequence will not affect the sequence 
of the protein the gene encodes. What 
they found was an extraordinarily 
high level of divergence, well outside 
the range of divergence seen in other 
animals and in some instances higher 
than 50%. This high divergence is 
exclusive to the bdelloids and is not 
seen in the monogonts — their sister 
group that still engages in sex, at least 
from time to time. This phenomenon 
has since been called the ‘Meselson 
effect’ (Figure 2).The Meselson effect has received 
a great deal of attention, but thus 
far it has remained an oddity of the 
bdelloids, as no evidence for it has 
been found in other asexual lineages, 
such as the ostracods or the oribatid 
mites. But, the lack of a Meselson 
effect does not necessarily mean that 
there is sex: ‘unsexy’ processes, such 
as DNA repair, mitotic recombination, 
and allelic gene conversion, can also 
lead to homogenisation between alleles 
and to the loss of mutations that arose 
anew on different chromosomes. 
But is the Meselson effect good 
evidence for the lack of sex? Another 
possible explanation for the high allelic 
divergence is that the gene copies do 
not actually represent the two alleles 
of a diploid genome, but instead 
reflect gene copies that arose through 
duplication of substantial parts or all 
of the genome in the past and have 
diverged since. After the duplication, 
the genome would contain four copies 
of the duplicated genes that come 
in two allelic pairs. Much like with 
the alleles of sexual organisms, the 
divergence within each pair should be 
fairly low, while between the pairs the 
divergence should increase over time 
(Figure 2).
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Figure 2. Asexual genomes.
Alleles of a diploid ancestor (top left) are pre-
dicted to accumulate mutations and diverge in-
dependently in asexuals (bottom left) — known 
as the Meselson effect. In a tetraploid ancestor 
(top right), the former alleles diverge in pairs, 
which show low divergence within each pair, 
but high divergence between them (bottom 
right); this does not involve a Meselson effect. 
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The latest compilation by Birdlife 
International on the status of the 
world’s bird populations made for 
much grim reading: many more 
species are in decline than even some 
pessimists had imagined.
Habitat loss appears to be a major 
feature as agriculture intensifies and 
spreads. And many migrating birds 
also appear to be in decline, often for 
unknown reasons.
But a new study suggests one 
reason why some migratory species 
are faring badly; they may not have 
made adjustments to their migration 
timings in the face of climate change 
which is seeing plant and invertebrate 
activity advancing in northern 
latitudes. These events are vital to the 
breeding success of many migrant 
species and they need to time their 
breeding just right: arrive late and they 
may miss out on the peak of food for 
their offspring.
Anders Moller in Paris and his 
European colleagues Diego Rubolini 
and Esa Lehikoinen report in the 
Proceedings of the National Academy 
of Sciences (published online) a study 
of the migration timings of 100 species 
that head north to Europe each spring 
to breed. Researchers working with 
birds are fortunate to have a vast array 
of data from researchers who have 
monitored details of their behaviour, 
timings and numbers for decades.
So Moller and his colleagues were 
able to examine the timing of spring 
migration in these species from data 
stretching back to 1960, looking 
specifically at data from 1970–1990 
and also 1990–2000.
“We predicted that migratory 
bird species that did not anticipate 
timing of spring migration should 
demonstrate declining populations,” 
they wrote, “while taking into account 
several variables previously shown to 
be associated with population trends 
or response to climate change.” 
Among variables potentially affecting 
the timing of response to climate 
change, the researchers considered 
migration distance, intensity of sexual 
selection, and total population size. 
They were concerned that a small 
population size, and thus lack of 
Migratory birds failing to exploit 
changes in climate may be losing out, 
writes Nigel Williams.
Off peakPrecisely this pattern is what Welch and Meselson found recently 
when they took a closer look at more 
DNA surrounding the hsp82 locus in 
bdelloids — the same gene that was 
initially assumed to harbour divergent 
‘Meselson effect’ alleles. It turns out 
that the regions around the four copies 
of the hsp82 gene do come in two 
pairs. Between them, the pairs have 
four genes in common and the order 
and orientation of these genes is the 
same in all four regions. This is a clear 
indication that this region must be the 
remnant of an ancient regional or global 
duplication event. Most of the other 
genes in the four hsp82 regions are 
only found in one or the other pair and 
probably reflect site-specific insertions 
or deletions, but, within each pair, gene 
order and orientation is the same, so in 
a way they look just like chromosome 
pairs of sexual diploids that engage 
in meiosis. The nucleotide divergence 
within one pair varies from 0–20% and 
is on average about 7%, which is still 
higher than the average observed in 
other animals.
This indicates that the bdelloids were 
perhaps originally tetraploid and that 
the divergence after the duplication 
may account for the Meselson effect. 
So does this mean that the collinear 
chromosome pairs observed are simple 
meiotic homologues? If not, how come 
they have not diverged much more 
as predicted by the Meselson effect? 
There must be other, non-meiotic 
homogenisers at work, clearly. 
Sex and the lifestyle
The bdelloids’ unusual lifestyle may 
provide an explanation for both the 
Meselson effect and the excess of 
foreign genes, as well as perhaps for 
why they are asexual. When you pick 
up some dry moss and put it in water 
for a while, chances are you will find 
bdelloid rotifers. Their near ubiquity 
in aquatic habitats, even ephemeral 
ones that dry out entirely, is owed to 
the fact that bdelloids are particularly 
hardy when it comes to desiccation. In 
that piece of moss, you’re likely to find 
another type of microscopic animal, a 
little water bear or tardigrade, member 
of a related phylum, which is also highly 
resistant to drought, and some groups 
of which also reproduce asexually. 
This ability to survive waterlessness 
is a unique selling point in ecological 
terms because it allows bdelloids and 
tardigrades to colonise habitats that 
are not readily accessible for other animals, which means there will be little 
competition and predation. Notably, 
the ability to survive drought, called 
anhydrobiosis, is often coupled with 
extreme resistance to radiation, which 
in us mortals damages the genetic 
material irreparably. This is true for 
tardigrades, which have been shown 
to even survive exposure to outer 
space conditions and it also holds for 
bdelloids, which are more resistant to 
radiation than any other animal. This 
radiation resistance is also associated 
with desiccation resistance and 
perhaps asexuality, as their sexual 
sisters the monogont rotifers, which 
can survive drought only as eggs, are 
five times less radiation resistant.
Radiation and desiccation both 
damage DNA by inducing double-
strand breaks, and it is very well 
conceivable that the massive 
abundance of such breaks after 
episodes of desiccation might account 
for the bdelloids’ genome being so 
receptive to foreign DNA. In order to 
cope with the damage, the bdelloids 
must have a particularly good repair 
machinery in place. Repair of such 
breaks requires the presence of 
a back-up copy of the affected 
region, so it seems possible that 
despite the presumed lack of meiotic 
recombination in the asexual bdelloids, 
the chromosome pairs are maintained 
in similar states because of frequent 
copying back and forth of genetic 
material during mitotic double-strand 
break repair. Lastly, their ecology may 
even be the reason for their asexual 
lifestyle. When they moisten up and 
encounter a newly wetted habitat, it 
will be advantageous to propagate as 
rapidly and efficiently as possible and 
here the asexual lifestyle may provide 
an essential advantage.
It remains to be seen how many 
of the peculiarities of the bdelloid 
genomes might be common to other 
asexual groups and indeed how many 
more peculiarities there may be. In the 
case of the bdelloids, their ecological 
specialisation may be the key to how 
they can survive without sex. Whether 
or not these asexual groups will provide 
generalisable insights into that old 
chestnut of the benefits of sex remains 
to be seen. In fact, with all the interest 
now directed towards asexuals, who 
knows if not one day they will turn out 
to be fictitious altogether?
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